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METASTABLE PHASE EQUILIBRIA IN CO”DEPGSITED Nil.xZrx THIN FILMS

J. B. AUBIN and R. B. SCHWARZ

i2enter for Materials Science and MST-7, LOSAlamos Natioral Laboratory, MS K765,
Las Alamos, N M 87545

ABSTRACT

We determine the glass forming range (GFR) of co-deposited Nil.xZrx (O < x < 1) thin
films by measuring their electrical resistance during in situ constant-heating-rate
anneals. The measured GFR is continuous for 0.10< x <0.87. We calculate the GFR
of Ni-Zr melts as a function of composition and cooling rate using homogeneous
nucleation theory and a published CALPHAD-type thermodynamic modeling of the
equilibrium phase diagram. Assuming that tkm main competition to the retention of the
amorphous structure during the cooling of the liquid comes from the partitionless
c~stallization of the terminal solid solutions, we calculate that for dT/dt = 10]2 Ks- 1,
the GFR extends to x = 0.05 and x = 0.96, Better agreement with the measured values
is obtained assuming a lower ‘effective’cooling rate during the condensation of the films,

INTR0DUC130N

The formation of amorphous alloys by rapid solidification techniques requires
that c~stallization be suppressed during the undercooking of the liquid from its melting
temperatl’re, Tm, to the glass t~msition temperature, Tg. The GFR, or range of
compositions over which this undercooking is possib!e, is determined by a combination of
kinetic rind thermodynamic factors, For alloys between an early- and a late-transition
metal and for conventional uenching methods such as melt+pinning, where the cooling

7rates are on the order of 10 Ks- 1, ‘he GFR is usually discontinuous, being composed
of distinct composition ranges centered near deep eutectics. As the cooling rate is
increased, however, these individual composition ranges widen and. for extremely high
cooling rates, may overlap to include all intermediate compositions, excluding only ttw
terminal solution regions [1]. The formation of metallic films by condensation from the
vapor phase represents an extreme case of rapid quenching, with an effective cooling
rate on the order of 1012 Ks- 1, It is expected, therefore, that the GFR for thin films of
Nil.xZrx produced by co-evaporation will be continuous over a wide region xl < x < X2,
bounded by narrow regions of crystalline solid solutions for O < X1 and X2 < x < 1.

In the present work we investigate the GFR of Nil.XZrx (O c x < 1) thin films
prepared by the simultaneous condensation of nickel and zirconium vapors in ul{ru.high
vacuum, We use in-situ electrical resistance measurements during constant heating-r:ltc
annealing to detect amorphous + ciystal!inc transformations in the as-deposited films,
This data is used to deduce the GFR, We also culculute the GFR by a model to bc
described in the next section.
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Theoretical modeling of the GFR is important for understanding the basic
mecharkm for glass formation, and continues to be an area of active research. The
basic ideas behind the calculations of the GFR are expiained with the help of Figure 1
which shows the binary composition-temperature diagram for a hypothetical A-B alloy.
The equilibrium phases are the terminal so!utions a and P, the congruent-melting
compound V, and the liquid ~. Aiso shown are the four TO cumes, defined as the
composition-temperature loci at which the free energy of the liquid equals that of the
solid phase of the same composition. Therefore, below each TO curve there exisls a
thermodynamic driving force for partitionless crystallization, The importance of the TO
cumes derives from the obsewation that under conditions of rapid cooling, partitionless
solidification is almost always kinetically favored over solidification involving SOIUte
partitioning. Thus, at those compositions where partitionless crystallization can be
avoided while the m(’lt is cooled to below Tg, it should be possible to kinetically trap the
alloy in the glassy (amorphous) state. Figure 1 also shows an assumed, composition-
invanant Tg (dotted line). The TOcriterion predicts that the GFR for our h-ypothetical
binary alloy will consist of the two narrow regions which solidify into the A phase, as
shown at the bottom of the figure. At all other compositions the undercooked Iiquid
crystallizes partitionlessly into either a, ~, or ~.

The prediction of glass formation based on TOcurves, however, dces not consider
kinetics; it assumes that partitionless cytallization occurs instantaneously once it is
thermodynamically favored. In prac~ice, a finite undercooking is required to produce an
obsemable nuclea,lon rate and thus the GFR must necessarily depend on the cooling
rate. To include the kinetics of solidification in the calculations of the GFR, several
authors [2,3! have used isothermal transformation kinetics to calculate Time-
Temperature-Transformation (TTT) cumes or Continuous-Cooling-Transformation
(C(X) cu~es [4], Nash and Schwarz [5] have extended the method by combining
homogeneous nucleation theory [6] with a CALFHAD modeling of the binary phase
diagram to derive CCT curves for NiTi alloys as a function of cooling rate, dT/dt, and
alloy composition, x. The results are usrd to calculate the temperature T ‘(x,dT/dt) for
the formation of a volume fraction r of crystalline material during cooling at the
constant rate dT/dt. Finally, defining a critical value of ~ below which the solid can be
defined as amorphous, they determined the GFR for rapidly solidified Ni-Ti melts by
the intersection of the ?” curves with T=, The GFR found by this T‘ criterion is wider
than that predicted from purely therrno~ynamic arguments.

Figure 2 shows the ‘rO cuwes (dmhed lines) and T ‘ curves
terminal solutions of Ni-Zr alloys. These were computed from a

(solid lines) for
thermodynamic

modeling cf the equilibrium ph~e diagram, The expressions for the excess free energy
of mixing for the liqui~!,FCC, and BCC phmes are given by Saunders [7], while the
lattice stabilities are taken from Koufman and Bernstein [Ilj, The glass transition
temperature T&is approximated by the c~sf al!ization temperature TN,which is pkl IIcd
b: eJ on literature values?Ilo111o12113 The compositions of congruent-melting and
high-temperature pcriteclic compounds for this system are shown by vcrticul dotted
lines, The equilibrium melting- or decomposition- temperature for each compoumi is
indicated by the filled square at the top of the dotted line, Extrapolating u cum dri~u’11
through Ihc Tg values (dtush-dot Iinc) to intersect the two T‘ cuwcs for a cooling rutc ()(



I@z K/s gives a GFR which extends from 0.05< x <0.96.

EXPERIMENTAL

Nil .x ZrX films were produced by co-evaporation from two electron-beam
sources in a UHV system at deposition pressures below 5X10-* torr. Each source was
controlled by a thickness-rate monitor, enabling us to control the alloy composition
during deposition. The alloy deposition rates varied from 0.3 runs- 1 for the Ni-rich
films, to 1.0 nrns- 1 for Zr-rich compositions. All films had a total thickness of 400 nm.
The depositions were made onto alumina substrata which were polished with 0.25 ~m
diamond paste. Embedded in these substrata were calibrated platinum thin-film
resistors which were used both to heat the substrata and to measure the film
temperature, The experimental design and measurement circuit are described in the
previous paper of this symposium [14]. Following deposition, the films were annealed
in-situ at a rate of 10 K rnin-1 at pressures below 10-10 torr. During the anneals, !he
resistance of the films was measured by an AC four-point probe method. Afterwards,
the films were removed from the vacuum chamber and the compositions and thickness
determined by Rutherford Backscattering Spectrometry (RBS),

RESULTS

The room-temperature resistivities as a function of alloy composition are shov’n
in Fig. 3, The data fall into three groups, identified by the dashed lines A to B, C to
D, and E to F, Samples belonging LOeach of these regions show distinct features in
their resistance vs. temperature annealing cuwes, As an example, we show in Fig. 4 the
normalized resistivity versus temperature cuwe for a sample of approximately
equiatornjc composition. Initially, the resistivity decreases linearly with temperature, a
to b, which is characteristic of an amorphous structure. Crystallization occurs at about
40(PC, c tc d, resulting in an abrupt drop in resistivity. This is followed by a second
small drop in resistivity at about 495°C. At d, the film is fully crystalline, and further
temperature cycling, d ~ e, gives a reproducible resistance vs. temperature curve of
positive slope.

Annealing cutves for compositions O < x <0,1 are s)iown in Fig, 5, For clarity,
only the heating portions of the Cumesarc shown. Those films containing less than 5 al.
% Zr she’ a positive temperature coefficient of resistitity ~(1/R)(dR/dT)], indicatin~
that their structure is largely Crystalline. The value of [(I/R)(dR/clT)] decreases for
increasing Zr content, and a clear change occurs between the cutves labekd B and C.
The latter sample shows, for T < 4MF’C,a temperature-independent resistivity; this is
followed by a resistivity drop at about 41(PC, which wc associate with ~he crystalliziition
of the amorphous phase (see Fig. 4), This drop is absent m curve B, indicating that this
film was c~stalline in the as-deposited condition, From this we deduce that the terminul
(mctasttible) volubility of Zr in Ni in c~!-deposited N~Zrl. ~ films is approximately 8
at.”~o,A similar analysis of Zr-rich films gl ‘es a terminal (metastahle) ~olubi]ityof Ni in
Zr to be -6 at. %.

A more accurate determination of the metastablc terminal solubii; [ics is tnm!c in
Fig. 6, where we plot the resistivi[y drop accompanying crystnllizution ~s u function of



.- W.-.. .4. J UIUP snoula N proportional to the amoun~ of
amorphous phase present. The cumes labeled B and C in Fig. S are similarly marked as
points B and C in Fig. 6 for comparison. Dashed lines are drawn through those points
leading to an intersection with AP /P = 0. This Figure identifies five composition regions.
For O c x <0.04 and 0.97< x ~ 1, the as-deposited films are crystalline. For
0.10 c x <0.87 the films are single-phase amorphous. The two narrow regions
0.04 < x <0.10 and 0.87< x <0.97 represent transition regions where the films most
likely contain both aystalline and amorphous phases. This coexistence of phases i-nay
reflect local compositional fluctuations.

DISCUSSION

Figure 2 shows that solidification kinetics play an important role in determining
the GFR of amorphous alloys. The gap in the published Tg data ir the composition
range 0,1 < x < 0.3 can be understood in terms of the competition between the liquid
and the high-melting point compounds in this region, especially Ni7Zr2, which melts
congruently. There is evidence that the structure of a liquid just above a congruently-
melting compcmnd shows a similar SRO to that of the crystal [15]. J% a r :sult, the
formation of this crystalline phase would be difficult to suppress during rapid cooling.
This kinetic competition would also be responsible for the difficulty in preparing
amorphous alloys near the equiatomic composition because of the presence of NiZr,
which also melts congmently, This argument would predict, however, that rapid
quenching of a liquid of composition x = 0.67 would result in the partitionless
crystallization of NiZr2, bui this is not observed.

Each crystalline phase has associated with it a TO curve and a two T ‘ curves
similar to those shown for the terminal solutions. The inability to produce amorphous
alloys near x = 0.2 indicates that the T ‘ cumes for cooling rates achieved in liquid
quenching experiments lie above Tg. For the case of NiZr2, it may be thal zt these
cooling rates the T‘ cutves are depressed to below Tg, allowing for easy glass formation.
Work is :.1progress to calculate the T‘ a.uves for the crystalline phases.

A comparison of the calculation (Figure 2) with experiment (Figure 6) allows us
to estimate an ‘effective’cooling rate for the formation of amorphous Ni-Zr thin films by
co-deposition in vacuum, Extrapolating the Tg values to intersect the T ‘ curves for a
cooling rate of l@p Ks- 1 gives a GFR of 0.05 c x ~ 0.96, while for dT/dt = I@ Ks- 1,
the predicted GFR is 0.08< x <0.92. The experiments give a range of 0,10< x <0,87.
Better aggrement would require assuming an ‘effective’ cooling rate lower thun
1~ K s-l, which is unrealistic, It is thus clear that the GFR predicted by our model
overcstiinates the actual composition range for glass formation, We discuss nex~
?ossible reasons for the discrepancy.

The volume fraction of crystal, r, used to define the GFR, is calculated by
integrating the homogeneous nucleation rate equation (4,5],

Jh E Aexp(-K U3/ A@). (1)

The calculated GFR is therefore quite sensitive to the values chosen for the free
energy difference between the liquid and crystu!,AG, and the interracial free energy, CI.



.—. . ...-0 AA, LIIG o~~esseo equilibrium phase
a]agrami particularly in the position of the liquidus lines. Any such errors would be
magnified by the large temperature range over which the thermodynarn.ic modeling of
these phases must be extrapolated. ~other possible source of error may lie in our
estimate of u for Ni-Zr alloys. These are calculated by a simple weighted average of the
o values for the pure elements, which in turnm are determined by [16]

o = 0.45 AHf N-l\jV-zjJ , (2)

where AHf is the molar enthalpy of fusion, N is Avogadro’s number, and V is the molar
voh~me of the liquid. The value for o of an alloy was resumed to be independent of
temperature.

Existing experimental assessments of the Ni-Zr system [17] permit an adequate
modeling of equilibrium phases, but the reliability of these models in providing
thermodynarn.ic data far into metastable regions must be viewed with caution [18]. Our

experimental results, along with similar studies of other systems, could provide a basis
for improving modeling techniques. For a, a more realistic estimate would incorporate a
compositional and temperature dependence based on thermodynamic data, but few
empirical studies have been made, and the problem would remain of determining non-
equilibrium values
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FIGURES

Fig. 1. Temperature vs. composition diagram for a hypothetical metallic A-B binary
system.

Fig. 2. Calculated To cumes for t$e terminal solutions (dashed) and T ‘ curves at
cooling rates of 108, 1010 and 10A2K S-l (solid). The melting- or decomposition-
temperatures of the high-temperature intermetallic compounds are shown by filled
squares. Measured crystallization temperatures for melt-quenched Nil.xZrx alloys
are shown as filled circles.

Fig. 3. Electrical resistivity for co-deposited Ni l.xZrx films. The dashed lines A to
~, C to D, and E to F divide the data the Ni-rich crystalline terminal solution,
single-phase amorphous alloy, and Zr-rich crystalline terminal solution, respectively,
The (+) are data for melt-spun ribbons from Ref. [12],

Fig. 4. Electrical resistivity vs temperature cutve for a 400-nm thick amorphous
Ni3@6 I film annealed at 10 K rein-l.

Fig. 5. Resistivity vs temperature curves for co-deposited Nil.xZrx filr,~. A drop in
resistivity due to cqstallization is seen for xa 0.1,

Fig, 6. Change in electrical resistivity caused by crystallization of Ni l.xZrx films as u
function of composition. Points B, C, D, and E correspond to those in Fig, 3, Thr
intersection of the dashed lines with ~P/~ gives the limits of the two metastahlc
terminal solutions.
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